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Abstract – We theoretically study the transport properties of a supramolecular spin valve, con-
sisting of a carbon nanotube with two attached magnetic molecules, weakly coupled to metallic
contacts. The emphasis is put on analyzing the change of the system’s transport properties with
the application of an external magnetic field, which aligns the spins of the molecules. It is shown
that magnetoresistive properties of the considered molecular junction, which are associated with
changing the state of the molecules from superparamagnetic to the ferromagnetic one, strongly
depend on the applied bias voltage and the position of the nanotube’s orbital levels, which can
be tuned by a gate voltage. A strong dependence on the transport regime is also found in the
case of the spin polarization of the current flowing through the system. The mechanisms leading
to those effects are explained by invoking appropriate molecular states responsible for transport.
The analysis is done with aid of the real-time diagrammatic technique up to the second order of
expansion with respect to tunneling processes.
Introduction. – Over the past decades the trans-
port properties of nano-scale devices based on magnetic
molecules have been intensively studied [1–18]. Due to
the bistability of magnetic molecules [19, 20], such sys-
tems have a great potential for applications in the infor-
mation storing and processing technologies [21–24]. More-
over, when attached to ferromagnetic contacts, magnetic
molecules can exhibit a large spin-valve effect when the
magnetic configuration of the device varies from the par-
allel to antiparallel alignment of leads’ magnetic moments
[25, 26]. Quite interestingly, recently, a spin-valve like
behavior has also been found in the case of nonmag-
netic junctions involving single molecular magnets [27,28].
In particular, Urdampilleta et al. examined transport
through a supramolecular spin-valve—a tunnel junction
with an embedded carbon nanotube to which molecular
magnets were attached. By aligning the spins of magnetic
molecules with an external magnetic field, a change in the
conductance of the system was observed. Such tuning of
the current flowing through the system without the neces-
sity to use ferromagnetic contacts provides a perspective
way of the current control through the spin degrees of free-
dom, which is important for molecular spintronics [29–31].
Motivated by this experimental achievement, in this pa-
per we theoretically investigate the transport properties of
a tunnel junction involving a single-wall carbon nanotube
with two attached magnetic molecules in the presence of
external magnetic field. Our considerations are carried out
by assuming a weak tunnel coupling between the nanotube
and external reservoirs, such that the current is mainly
driven by sequential tunneling processes. However, we
also examine the role of cotunneling processes, which de-
termine the magnetoresistive properties of the considered
device in the low bias voltage regime. By determining the
currents flowing through the system in the absence and
presence of external magnetic field, we analyze the behav-
ior of the tunnel magnetoresistance of the device. Our
work quantifies thus the change of spin-resolved transport
properties when the state of the molecules switches from
the superparamagnetic to the ferromagnetic one. Depend-
ing on the occupation of the carbon nanotube and the ap-
plied bias voltage, we find transport regimes of both large
positive magnetoresistive response as well as transport re-
gions where this response becomes negative. The calcula-
tions are performed by using the real-time diagrammatic
technique in the first and second order of expansion with
respect to the tunnel coupling [32–34].
Model and Hamiltonian. – The considered molecu-
lar system embedded between two nonmagnetic electrodes
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Fig. 1: The schematic of a supramolecular spin valve. It
consists of a single-wall carbon nanotube with attached two
magnetic molecules. The nanotube is coupled to the left and
right metallic leads. See the main text for details.
is schematically shown in Fig. 1. It consists of two mag-
netic molecules of spin Sr and magnetic anisotropy Dr,
with r = L (r = R) for the left (right) molecule. The
molecules are exchange-coupled to the single-wall carbon
nanotube with strength given by Jr. It is assumed that
the coupling of the molecules to the nanotube results in
formation of orbital levels in nanotube in their vicinity,
through which transport takes place [27, 28]. Thus, the
total Hamiltonian of the system can be written as
H = Hleads +Hmol +HB +Htun. (1)
The first part of H describes the noninteracting electrons
in the external electrodes and takes the form
Hleads =
∑
rkσ
εrkc
†
rkσcrkσ, (2)
with c†rkσ (crkσ) being the operator for creation (annihila-
tion) of a spin-σ electron with momentum k and the energy
εrk in the rth lead. The second term of the total Hamil-
tonian characterizes the nanotube-magnetic molecule sub-
system and can be expressed as [3, 5, 26,35]
Hmol =
∑
r
εrnr + EC(n−n0)2 + t
∑
σ
(d†LσdRσ+h.c.)
−
∑
r
(
JrSr ·sr +DrS2rz
)
. (3)
The particle number operator for an electron of spin σ
occupying the nanotube’s orbital level r is given by nrσ =
d†rσdrσ, and nr = nr↑ + nr↓, n = nL + nR. The charge of
a neutral nanotube is denoted by n0. EC is the charging
energy of the nanotube and t denotes the hopping between
the two orbital levels. The exchange coupling between
molecule r and nearby orbital level is denoted by Jr, with
Sr and sr denoting the operators for spin of the molecule
and the spin of electron on orbital level, respectively. The
magnetic anisotropy associated with the rth molecule is
represented by Dr, where Srz is the zth component of Sr.
The third part of H describes the external magnetic field
Bz (in units of gµB ≡ 1) applied to the molecular system
HB = BzS
tot
z , (4)
where Stotz =
∑
r(Srz + srz). Finally, the last term of the
total Hamiltonian describes the electron tunneling pro-
cesses and can be written as
Htun =
∑
rkσ
vr[c
†
rkσdrσ + d
†
rσcrkσ] (5)
with vr denoting the respective tunnel matrix elements.
The coupling between the rth electrode and rth orbital
level of the nanotube can be defined as Γr = 2piρrv
2
r , with
ρr denoting the density of states of the rth lead at the
Fermi level. In our analysis, we take into account the
symmetric case assuming Γr ≡ Γ. Moreover, we also as-
sume that the two molecules are identical, i.e. Sr ≡ S,
Dr ≡ D and Jr ≡ J .
Method. – In order to calculate the current flowing
through the considered molecular device, we use the real-
time diagrammatic technique [32–34] including the first
and second order terms of expansion with respect to the
tunnel coupling Γ. In calculations, one first needs to deter-
mine the corresponding diagrams that contribute to the el-
ements W|χ〉|χ′〉 of the self-energy matrix W in given order
of expansion, i.e. W = W(1) + W(2). Here, |χ〉 denotes
the eigenstate of Hmol, Hmol|χ〉 = εχ|χ〉, and εχ is the
corresponding eigenenergy. In the first-order of expansion
the off-diagonal elements of W(1) are given by
W
(1)
χχ′ = 2pi
∑
rσ
ρr
{
fr(εχ − εχ′)
∣∣vr〈χ|d†rσ|χ′〉∣∣2
+ [1− fr(εχ′ − εχ)]
∣∣vr〈χ|drσ|χ′〉∣∣2},
where fr(ε) = 1/[e
(ε−µr)/T + 1] is the Fermi-Dirac dis-
tribution function with the electrochemical potential of
rth lead denoted as µr and T standing for temperature
(kB ≡ 1). The diagonal elements of W(1) are equal to
W
(1)
χχ = −∑χ′ 6=χW (1)χ′χ. The formulas for the second-
oder self-energies (W(2)) are much more cumbersome since
they involve summations over many virtual states of the
molecule [36], therefore, we will not present them here.
The self-energy matrices allow for the calculation of the
corresponding probabilities of occupation of states |χ〉
which can be done using the following equations [34]
W(1)P(0) = 0 and W(2)P(0) +W(1)P(1) = 0, (6)
where the vector of probabilities in given order is normal-
ized such that Tr{P(0)} = 1 and Tr{P(1)} = 0. Then,
the current in the first (I(1)) and second order (I(2)) of
expansion can be found from [34]
I(1) =
e
2~
Tr{WI(1)P(0)}, (7)
I(2) =
e
2~
Tr{WI(2)P(0) +WI(1)P(1)}, (8)
respectively. Here, the self-energy matrices WI(1) and
WI(2) are similar to W(1) and W(2) except for the fact
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that they take into account the number of electrons trans-
ferred through the system. The total current is then sim-
ply given by I = I(1) + I(2).
In the following, we study the transport properties in
the full parameter space, i.e. in the full range of bias and
gate voltages. However, because the calculation of the
second-order contribution to the current in the full pa-
rameter space is a numerically demanding task, we will
discuss the role of the second-order processes only in the
low bias voltage regime, where such processes play the
most important role in transport [37]. For larger voltages,
sequential processes give a dominant contribution to the
conductance and therefore the transport properties of the
system can be reliably described including only first-order
processes. Therefore, we first discuss the transport be-
havior in the full parameter space considering sequential
processes and only later on we extend the discussion to
the case of cotunneling in the linear response regime.
Results and discussion. – Our calculations are per-
formed for the following parameters of the system. Each
magnetic molecule is characterized by spin S = 1 and
the uniaxial magnetic anisotropy D/EC = 0.2. The ex-
change coupling between the corresponding molecule and
orbital level in the nanotube is assumed to be of antifer-
romagnetic type [27, 28], and we take J/EC = −0.4. The
hopping between the orbital levels of the nanotube is as-
sumed to be t/EC = 0.2, while the position of orbital
levels is characterized by the energy ε with the assump-
tion εL = εR ≡ ε. The coupling to external leads is taken
as Γ/EC = 0.02 and the calculations are performed at the
temperature T/EC = 0.08. Finally, we use the charging
energy as the energy unit EC ≡ 1.
The differential conductance. Let us start the discus-
sion with the analysis of the behavior of the differential
conductance. Figure 2 presents G plotted as a function
of the bias voltage V and the position of the nanotube’s
energy levels ε in the case of (a) Bz = 0 and (b) finite mag-
netic field. In each case, one can observe typical Coulomb
diamond patterns associated with single-electron charging
effects. With lowering ε, the nanotube becomes occupied
by electrons and each time the two charge states become
degenerate there is a resonance in the linear response con-
ductance. In-between the resonances the molecule is in
the Coulomb blockade regime, where sequential tunnel-
ing processes are exponentially suppressed. The electrons
start to tunnel through the molecular system when the
applied bias voltage exceeds some threshold. Then, there
appears a step in the current and associated differential
conductance peak. For larger voltages, excited states start
playing a role resulting in additional peaks in the conduc-
tance. This behavior is clearly associated with discrete en-
ergy spectrum of the nanotube-molecule system and, thus,
is present irrespective of the value of magnetic field. The
presence of Bz, however, spin-slits the levels and there-
fore changes the energies of molecular states. As a conse-
quence, the conductance spectra become slightly modified,
(a)
(b)
(c) (d)
Fig. 2: The differential conductance G as a function of the bias
voltage V and the energy of nanotube’s orbital levels ε in the
case of (a) Bz = 0 and (b) Bz/EC = 0.2. The bottom panels
show the bias dependence of G calculated for (c) ε/EC = −3.6
and (d) ε/EC = −1.1. The parameters are: S = 1, D/EC =
0.2, J/EC = −0.4, Γ/EC = 0.02, t/EC = 0.2, T/EC = 0.08,
and EC ≡ 1.
cf. Figs. 2(a) and (b).
To exemplify the supramolecular spin valve effect, in
Figs. 2(c) and (d) we present the bias voltage dependence
of the differential conductance for two different values of
ε, as indicated. When Bz = 0, the molecules are in a
superparamagnetic state and their spins become aligned
only when external magnetic field is applied to the system.
Thus, by manipulating the spins of the molecules, it is
possible to change the current flowing through the whole
device. However, the behavior of the system is not as
simple as one could expect, i.e. depending on ε and V ,
one can find both regimes of the current suppression or its
enhancement with the application of magnetic field. Such
behavior can be seen in Figs. 2(c) and (d).
The tunnel magnetoresistance. To quantify the
change of the system’s transport properties in the pres-
ence and absence of external magnetic field, we introduce
p-3
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(a)
(b)
(c)
TMR
TMR
TMR
Fig. 3: The bias voltage and nanotube’s orbital level depen-
dence of the tunnel magnetoresistance (TMR) for a few values
of external magnetic field, as indicated. The other parameters
are the same as in Fig. 2.
the tunnel magnetoresistance (TMR), defined as
TMR =
I(Bz = 0)− I(Bz)
I(Bz)
, (9)
where I(Bz) is the current flowing through the system in
the presence of magnetic field Bz.
The bias voltage and level position dependence of the
TMR for a few values of magnetic filed is presented in
Fig. 3. First of all, one can note that the TMR is very
low in the large bias voltage regime. In this case many
molecular states of the system are relevant for transport
and sequential tunneling dominates the current. Conse-
quently, the difference between the currents flowing in the
case when Bz = 0 and Bz 6= 0 is very small, which re-
sults in TMR ≈ 0, see Fig. 3. The situation becomes how-
ever completely different when only a few molecular states
contribute to the current, which happens in the low-bias
voltage regime. We note that in this transport regime
the current can flow due to thermally-activated sequential
tunneling processes, which in the case of Γ  T are rele-
vant, as well as cotunneling processes. In Fig. 3 we show
the results due to the first-order processes, while the role
of cotunneling will be analyzed further on.
Generally, one can see that for low bias voltages the
TMR strongly depends on the charge state of the nan-
otube. More specifically, in the two-electron Coulomb di-
amond (around ε = 0, see Fig. 3), the TMR is negative,
while in the case when the nanotube is either fully occu-
pied or empty (|ε/EC | & 3.5), the TMR is positive. On
the other hand, in the Coulomb blockade regimes with odd
number of electrons on the nanotube, the TMR can be
both negative and positive, depending on ε, see Fig. 3 for
1 . |ε/EC | . 3.5. To understand this behavior, one needs
to consider the corresponding molecular states relevant
for transport in each region. When the nanotube is either
empty or fully occupied, the presence of attached magnetic
molecules is not that important for low bias voltages. Be-
cause with increasing the value of magnetic field, the num-
ber of states relevant for thermally-activated transport de-
creases due to the Zeeman splitting, I(Bz) < I(Bz = 0),
and consequently TMR > 0.
This is however opposite to the case when the nanotube
is occupied by two electrons, where one finds I(Bz) >
I(Bz = 0), yielding TMR < 0. The reason for this behav-
ior is associated with the fact that in the presence of mag-
netic field the spins of the molecules become aligned, such
that the molecule-nanotube system is mainly occupied by
a two-electron state with Stotz = −2S being a linear com-
bination of local states with one electron on each level and
zero and two electrons on different levels. This increases
transport compared to the case of no magnetic field, where
the occupation probability is distributed between several
two-electron states.
When the nanotube is occupied by an odd number of
electrons at low voltages the system is in the state with
Stotz = −2S + 1/2. In this case it is relevant whether
the excitation energies to charge states with empty (fully
occupied) nanotube and states with two electrons on the
nanotube are more favorable. In the former case the cur-
rent becomes suppressed in finite Bz, whereas in the lat-
ter case the current gets enhanced with the application
of magnetic field, see Fig. 3. It is also interesting to note
that the above-described behavior becomes enhanced with
increasing Bz, resulting in larger |TMR|, cf. Fig. 3.
Current spin polarization. Let us now analyze how
the spin polarization of the flowing current changes with
increasing external magnetic field. The spin polarization
is defined as
Pol =
I↑(Bz)− I↓(Bz)
I↑(Bz) + I↓(Bz)
, (10)
where Iσ(Bz) is the current flowing in the spin-channel σ
at magnetic field Bz. The spin polarization as a function
of the bias voltage V and the nanotube’s level position ε
for different values of Bz is shown in Fig. 4. First of all, one
can note that the dependence is symmetric with respect to
the particle-hole symmetry point of the model, i.e. ε = 0,
with Pol(ε < 0) = −Pol(ε > 0). Moreover, as in the case
of TMR discussed above one observed a gradual increase
of |TMR| with boosting Bz, now this is not the case. More
p-4
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(a)
(b)
(c)
Pol
Pol
Pol
Fig. 4: The dependence of the current spin polarization (Pol)
on bias voltage V and the nanotube’s orbital level position ε for
a few different values of external magnetic field, as indicated.
The parameters are the same as in Fig. 2.
specifically, |Pol| increases when Bz grows from Bz/EC =
0.05 to Bz/EC = 0.1, however, then it slightly drops when
magnetic field is raised further to Bz/EC = 0.2, see Fig. 4.
A general observation is that out of the Coulomb blockade
regime, Pol < 0 (Pol > 0) for ε > 0 (ε < 0). On the other
hand, the largest magnitude of the spin polarization is
found in the low bias voltage regime when the nanotube
is either empty or fully occupied. One then finds Pol > 0
(Pol < 0) for ε/EC & 3.5 (ε/EC . −3.5), which is simply
associated with the fact that for ε/EC & 3.5 (ε/EC . 3.5)
the excitations to positive (negative) spin states are more
favorable.
Effects of cotunneling. Finally, in this section we dis-
cuss the role of cotunneling processes on the tunnel mag-
netoresistance and spin polarization of the flowing cur-
rent. Figure 5 shows the total (sequential plus cotunnel-
ing) TMR as well as the total spin polarization as a func-
tion of the nanotube’s level position ε calculated in the
linear response regime. For comparison, we also show the
results obtained by considering only the first-order tunnel-
ing processes. One can easily see the differences between
both results, which are most revealed in the case of empty
or fully occupied nanotube, |ε/EC | & 3.5, where elastic
Fig. 5: The dependence of the tunnel magnetoresistance (left
column) and spin polarization (right column) on the position
of the nanotube’s orbital levels ε, for selected values of mag-
netic field, calculated in the linear response regime. Solid lines
present the results obtained using the first and second order
processes, while the dotted lines show the sequential tunneling
results. The parameters are the same as in Fig. 2.
non-spin-flip cotunneling processes are most important for
the current. There, one finds a strong suppression of the
tunnel magnetoresistance, such that TMR ≈ 0, which is
completely opposite to the sequential tunneling result, see
the left column of Fig. 5. Because in this transpose regime
elastic cotunneling processes, in which the spin of tunnel-
ing electrons is conserved, drive the current, the differ-
ence between the currents I(Bz = 0) and I(Bz) decreases
as one moves deeper and deeper into the empty or fully-
occupied nanotube regime, cf. Figs. 5(a)-(c). A similar
observation also applies to the behavior of the current spin
polarization, which becomes generally suppressed com-
pared to that predicted by considering only sequential tun-
neling processes, see the right column of Fig. 5. On the
other hand, as far as other transport regimes with different
nanotube occupations are concerned, it can be concluded
from Fig. 5 that sequential tunneling processes give a qual-
itatively reliable insight into the transport behavior of the
system. In these transport regimes the cotunneling pro-
cesses rather weakly modify the observed behavior.
Summary. – We have analyzed the magnetoresistive
properties of a supramolecular spin valve consisting of a
nanotube with two attached magnetic molecules embed-
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ded in a tunnel junction. The considerations were per-
formed by using the real-time diagrammatic technique in
the first and second-order of expansion with respect to the
tunnel coupling. We have shown that the tunnel magne-
toresistance of such device, associated with a change of
magnetic molecules’ state from the superparamagnetic to
the ferromagnetic one, can take both positive and nega-
tive values, depending on the transport regime. Our work
demonstrates thus that it is possible to tune the TMR by
either the bias or gate voltage. This offers an interest-
ing route for the control of the magnetoresistive transport
properties without the need to use ferromagnetic contacts.
In addition, we have also studied the spin polarization of
the tunneling current and shown that it strongly depends
on the transport regime, which allow for tuning both the
magnitude and sign of the spin polarization.
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